INTRODUCTION
============

Macrophages are professional phagocytes of the innate immune system, entrusted with the detection and removal of pathogens, dead cells, and debris, which are taken up into phagosomes for destruction ([@B18]). The early stages of phagocytosis are often highly actin dependent for the extension of filopodia or membrane ruffles that are used initially to contact and envelope the "prey" ([@B45]). In turn, polymerization of F-actin at initial sites of phagocytosis is dependent on enrichment of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P~2~) in the inner leaflet of the plasma membrane ([@B53]). Conversion of PI(4,5)P~2~ to phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)P~3~) and phosphatidylinositol 3,4-bisphosphate (PI(3,4)P~2~) accompanies the closure of phagocytic cups, the disassembly of F-actin, and signaling generated by clustered Fcγ receptors (FcγRs; [@B13]; [@B23]; [@B25]).

Members of the Rab family of small GTPases are pivotal to phagocytosis, and multiple Rabs and their effectors are recruited progressively throughout the process ([@B60]; [@B22]). Rab35, for instance, is one of the early Rabs enriched at the cell surface at points of phagocytic initiation. Rab35 recruits Arf6, Rac1, and Cdc42 for early actin assembly and phagocytic cup formation ([@B55]; [@B15]). Rab5, Rab11, and Rab7 mediate the fusion of early, recycling, and late endosomes, respectively, during phagosome maturation ([@B10]; [@B40]; [@B57]). Rab5 isoforms in particular have multiple roles, most notably in phagosome maturation and signaling by recruiting a series of effectors including VPS34, Hrs, EEA1, and phosphoinositide kinases and phosphatases ([@B19]; [@B68]; [@B27]; [@B3]).

Rab31 (also known as Rab22b) is characterized, along with Rabs 21 and 22a, as a member of the Rab5 subfamily ([@B14]). Rab31 localizes to endocytic compartments and functions in the post-Golgi, endocytic or exocytic trafficking of the GLUT4 glucose transporter in adipocytes and to the epidermal growth factor receptor (EGFR) and mannose 6-phosphate receptors in epithelial cells and neurons ([@B43]; [@B50]; [@B8]). A study on Rab--effector interactions elucidated a novel structural motif functioning in interactions between Rab31 and the adaptor protein, phosphotyrosine interaction, PH domain, and leucine zipper--containing 2 (APPL2; [@B28]). The APPL1 and -2 isoforms are multifunctional adaptors that often bind to receptors and Rabs, notable for their ability to sway the location-dependent signaling output of ligand-activated receptors ([@B38]; [@B51]; [@B74]).

Proteomic and localization screens have documented Rab31 as one of multiple Rabs found on phagosomes during the uptake of different pathogens and opsonized particles ([@B59]; [@B26]; [@B54]), but its function in phagocytosis is still undefined. The studies described in this article were prompted by the need to gain further insights into the functions of Rab31 and its binding partners in macrophages during FcγR-mediated phagocytosis. Here we demonstrate recruitment and functional roles for Rab31, with APPL2 as its effector, on early phagosomes in macrophages. Our findings suggest that a neat juxtaposition of Rabs and APPLs with opposing functions regulates FcγR-mediated signaling.

RESULTS
=======

GTP-Rab31 is recruited to early phagosomes
------------------------------------------

The murine macrophage cell line RAW 264.7 and primary bone marrow--derived murine macrophages (BMMs) were presented with immunoglobulin G--opsonized latex beads (IgG beads) to examine localization of Rab31 during FcγR-mediated phagocytosis ([Figure 1](#F1){ref-type="fig"}). By immunostaining, concentrated labeling of endogenous Rab31 can be seen around actin-rich phagosomes surrounding beads in primary BMMs ([Figure 1A](#F1){ref-type="fig"}). Transient expression of green fluorescent protein (GFP)--Rab31 in RAW 264.7 macrophages revealed similar labeling of actin-rich phagosomes, in particular those near the cell surface ([Figure 1B](#F1){ref-type="fig"}). When examined at early (10 min) and late (30 min) time points, we found abundant labeling of GFP-Rab31 on phagosomes in the cell periphery after the onset of bead uptake, but internalized phagosomes were generally devoid of GFP-Rab31, with fluorescence plots confirming this observation ([Figure 1C](#F1){ref-type="fig"}). The early localization of Rab31 during phagocytosis was highlighted by its comparison to the acquisition of the late endosome/lysosome marker LAMP1---typical of mature phagolysosomes---with quantification showing GFP-Rab31 and mCherry-LAMP1 enrichment on phagosomes being largely mutually exclusive ([Figure 1D](#F1){ref-type="fig"}). Together these results show that Rab31 is recruited to newly forming, actin-rich phagosomes at the cell surface but is lost during maturation, disappearing before the conversion into phagolysosomes.

![Early recruitment of Rab31 during FcγR-mediated phagocytosis. (A) Endogenous Rab31 in primary BMMs. Rab31 localized to F-actin--rich phagosomes. (B) GFP-Rab31 in transfected RAW 264.7 macrophages. GFP-Rab31 localizes to F-actin--rich phagosomes but is absent from phagosomes that have lost F-actin (inset). (C) Phagocytosis of IgG-beads within 10 and 30 min in GFP-Rab31--transfected RAW 264.7 cells. Inset, GFP-Rab31 contouring around a phagosome at 10 min but not 30 min. Line-scan fluorescence plot of the phagosomes comparing intensity of GFP-Rab31. Quantification of GFP-Rab31--positive phagosomes after 10 and 30 min of phagocytosis. Mean + SEM with *n* = 30 phagosomes from at least five cells. (D) RAW 264.7 cells cotransfected with GFP-Rab31 and mCherry-LAMP1. Inset, phagosomes mutually exclusive of Rab31 and LAMP1. Quantification of fluorescence intensity of GFP-Rab31 and mCherry-LAMP1 at the phagosomes. Mean + SEM with *n* = 30 phagosomes from at least five cells. (E) Live-cell imaging of GFP-Rab31, constitutively active Rab31 (GFP-Rab31Q64L), and dominant-negative Rab31 (GFP-Rab31S19N)--transfected macrophages ingesting IgG-sRBCs. The low fluorescence of GFP-Rab31S19N--transfected macrophages is enhanced to show phagocytosis of IgG-sRBCs. Right, quantification of fluorescence (phagosome/cytoplasm) from live cells, where *n* = 5 live phagocytic events. Scale bars, 10 μm.](952fig1){#F1}

Live-cell imaging of macrophages engulfing IgG-opsonized sheep red blood cells (IgG-sRBCs) was performed to examine the dynamics of Rab31 recruitment to phagosomes. Cells were transfected with GFP-labeled, wild-type Rab31, the constitutively active mutant of Rab31 (GFP-Rab31Q64L), or the dominant-negative mutant of Rab31 (GFP-Rab31S19N; [Figure 1E](#F1){ref-type="fig"}). Panels from time-lapse microscopy show that wild-type GFP-Rab31 was recruited directly from the cytoplasm to the phagocytic cup membranes at the cell surface, appearing within 10 s of the onset of IgG-sRBC phagocytosis. Of note, GFP-Rab31 was only recruited to the immediate site of phagocytosis and not elsewhere on the plasma membrane. GFP-Rab31 surrounded the phagosome in a circumferential manner and dissociated directly from these membranes at ∼8--10 min under this regime. The constitutively active mutant of Rab31 (GFP-Rab31Q64L) was recruited in a similar manner to early phagosomes, although it persisted for longer on the membrane than its wild-type counterpart ([Figure 1E](#F1){ref-type="fig"}). Conversely, the dominant-negative mutant (GFP-Rab31S19N) did not bind to phagosomal membranes ([Figure 1E](#F1){ref-type="fig"}). Fluorescence quantification confirmed that wild-type Rab31 had a transient association with phagosomes but that constitutively active Rab31 remained bound to the phagosome ([Figure 1E](#F1){ref-type="fig"}). These results overall are consistent with the temporal recruitment of cytoplasmic Rab31 to early phagosomal membranes in a GTP-dependent manner, whereas its return to the cytoplasm required the hydrolysis of GTP during phagosome maturation.

Rab31 is recruited to early phagocytic cups during the transition from PI(4,5)P~2~ to PI(3,4,5)P~3~
---------------------------------------------------------------------------------------------------

Distinct phosphoinositide species are sequentially enriched during phagosome formation and maturation, and this can be elegantly portrayed using a variety of fluorescent phosphoinositide probes ([@B21]; [@B4]). Using a similar approach, we examined the phospholipid context for Rab31 recruitment in cells cotransfected with mCherry-PLCδ1-PH as a marker of plasma membrane PI(4,5)P~2~, GFP-Akt-PH as a marker for PI(3,4,5)P~3~ and PI(3,4)P~2~, or mCherry-2XFYVE as a marker for the endosomal species, phosphatidylinositol 3-phosphate (PI(3)P; [Figure 2](#F2){ref-type="fig"}). During phagocytosis of IgG-sRBC, mCherry-PLCδ1-PH labeling was canonically present on the plasma membrane and surface ruffles in the vicinity of attached IgG-sRBC ([Figure 2](#F2){ref-type="fig"}, asterisk). GFP-Rab31 was first seen on a subset of PI(4,5)P~2~ membranes at sites of direct contact with the IgG-sRBC and not on surrounding PI(4,5)P~2~ plasma membrane/ruffle domains ([Figure 2A](#F2){ref-type="fig"}). mCherry-PLCδ1-PH dissociated from phagosomes as GFP-Rab31 accumulated, and their inverse relationship is evident in the fluorescence intensity plot.

![Rab31 is enriched on PI(4,5)P~2~- and PI(3,4,5)P~2~-positive phagocytic membranes and persists with PI(3)P. (A--C) Live-cell imaging of GFP/mCherry-Rab31 with GFP/mCherry-tagged phosphoinositide constructs, namely PLCδ1-PH, a (PI4,5)P~2~ probe; Akt-PH, a PI(3,4,5)P~3~/PI(3,4)P~2~ probe; and 2XFYVE, a PI(3)P probe. Right, quantification of mean fluorescence intensity (MFI) on phagosomes. Mean + SEM with *n* = 5 live phagocytic events from three cells. (D) Graphical representation of enrichment of phosphoinositides with recruitment of Rab31 on phagosomes.](952fig2){#F2}

Receptor engagement causes the transient elevation of the signaling phosphoinositide, PI(3,4,5)P~3~, recognized by GFP-Akt-PH. When Rab31 was compared with GFP-Akt-PH, both were recruited to PI(3,4,5)P~3~ phagosomal membranes, but GFP-Akt-PH peaked a full minute earlier than mCherry-Rab31, shown by sequential images and by the corresponding fluorescence plot ([Figure 2B](#F2){ref-type="fig"}). GFP-Rab31 was recruited to the phagosomes before the appearance of mCherry-2XFYVE, which denotes the conversion of the internalizing phagosomal membrane to PI(3)P ([Figure 2C](#F2){ref-type="fig"}). After the phagosome began to acquire PI(3)P, both GFP-Rab31 and mCherry-2×FYVE persisted together for a 3-min window, as shown by sequential images and quantification of the phagosome fluorescence intensities. A schematic representation of the fluorescence intensity plots ([Figure 2D](#F2){ref-type="fig"}) portrays GFP-Rab31 being gradually enriched during PI(4,5)P~2~ depletion and PI(3,4,5)P~3~ formation on the phagosome. This preceded the acquisition of early endosomal PI(3)P, and Rab31 is thus on phagosomes coincident with PI(3,4,5)P~3~, PI(3,4)P~2~, and PI(3)P, which often constitute signaling and trafficking domains on endosomes and phagosomes ([@B5]; [@B36]).

The separation of GFP-Rab31 on the phagosome membrane from the surrounding plasma membrane ruffles that are enriched in PI(4,5)P~2~ suggests that Rab31 was exclusively recruited to phagosomal membranes after particle attachment and during closure. To confirm this, we performed immunogold labeling and cryo--electron microscopy to localize GFP-Rab31. Gold labeling of GFP-Rab31 heavily decorated phagosomes around beads near the cell surface during the early stages of internalization ([Figure 3](#F3){ref-type="fig"}). Linear GFP labeling appeared on the phagosome and on internal membrane invaginations, associated with initial phagosome remodeling (arrows). Remarkably, there was no labeling of GFP-Rab31 on the adjacent plasma membrane (arrowheads). This concurs with the live imaging, which showed separation of GFP-Rab31 on phagocytic cups compared with the surrounding plasma membrane domains enriched in PI(4,5)P~2~ ([Figure 2A](#F2){ref-type="fig"}). We can thus confirm that GFP-Rab31 is recruited to a closely circumscribed membrane domain at or after the point of phagocytic cup closure that is distinct from the plasma membrane.

![Rab31 is enriched on phagosomal membrane domains. Cryo-immunogold (10 nm) labeling of GFP-Rab31 in transfected macrophages. GFP-Rab31 is observed on phagosomal membranes upon 15 min of phagocytosis (arrows). The plasma membrane is depicted by arrowheads, and phagosomal membrane domains enriched with GFP-Rab31 are denoted by arrows. Insets, enlarged areas from phagosomes (asterisks) where GFP-Rab31 is concentrated. Scale bar, 1 μm.](952fig3){#F3}

Rab31 is localized to a subset of PI(3)P membranes and is distinct from Rab5a on phagosomes
-------------------------------------------------------------------------------------------

Rab31 is closely related to Rab5a, which was previously shown to be present on early phagosomes during bacteria- and FcγR-mediated phagocytosis ([@B67]; [@B3]; [@B54]). We thus compared the distributions of Rab31 and Rab5a in macrophages ([Figure 4](#F4){ref-type="fig"}). GFP-Rab5a was present on endosomes throughout the cells and on phagosomes near the cell surface ([Figure 4A](#F4){ref-type="fig"}). In these locations, Rab5a overlapped frequently, as expected, with mCherry-2XFYVE on PI(3)P-positive membranes. In contrast, GFP-Rab31 was restricted to phagosomes, where it also overlapped with only mCherry-2XFYVE on phagosomes or the tubules emanating from them ([Figure 4B](#F4){ref-type="fig"}). When cells were cotransfected with GFP-Rab31 and mCherry-Rab5a, the two Rabs only appeared together on early phagosomes; however, on close inspection, they can be seen to have different distributions on these phagosomes ([Figure 4C](#F4){ref-type="fig"}). Whereas Rab31 exhibits its tight circumferential labeling, Rab5 is on vesicles and patches around the particle, consistent with its delivery via early endosome fusion. These results highlight the specificity of Rab31 for phagosomal, PI(3)P-enriched membranes in macrophages. Moreover, on the early phagosome, Rab31 is spatially distinct from Rab5a, foreshadowing different functions for each of these Rabs.

![Rab31 associates with PI(3)P-containing phagosomes but not with other PI(3)P endosomes. RAW 264.7 macrophages coexpressing combinations of GFP/mCherry-tagged Rab31, Rab5a, and 2XFYVE were exposed to IgG-beads and fixed after 10 min of phagocytosis. (A) Coexpression of GFP-Rab5a and mCherry-2XFYVE showing colocalization of Rab5a and PI(3)P in endosomes and phagosomes in macrophages. (B) Coexpression of GFP-Rab31 and mCherry-2XFYVE showing colocalization of Rab31 and PI(3)P at phagosomes but not other PI(3)P endosomes. (C) Coexpression of GFP-Rab31 and mCherry-Rab5a showing limited colocalization on phagosomes and other PI(3)P endosomes. Scale bars, 10 μm.](952fig4){#F4}

Rab31 recruits APPL2 as an effector on phagosomes in macrophages
----------------------------------------------------------------

Rab5a recruits the adaptor APPL1 as an effector, and the two participate in phospholipid modification and signaling during FcγR-mediated phagocytosis ([@B3]). A yeast two-hybrid study showed that Rab31 preferentially binds to the complementary adaptor APPL2 ([@B28]), although, to our knowledge, APPL2 has not previously been examined in phago­cytosis or in macrophages.

With this in mind, we performed an unbiased search for Rab31 effectors in extracts of activated macrophages, using glutathione *S*-transferase (GST)--Rab31 for pull downs. Bound proteins were eluted using the PreScission Protease cleavage method together with mass spectrometric analysis, and we previously showed that this approach can recover known Rab31 binding partners, such as EEA1 ([@B34]). In the experiments here, we highlight a protein band of ∼75 kDa pulled down by GST-Rab31, for which five peptides matched the identity of APPL2 with 99% confidence and 10.2% coverage (Supplemental Figure S1A). A reverse pull down using GST-APPL2 as bait confirmed the binding of APPL2 to Rab31 in macrophages (Supplemental Figure S1B). Using purified APPL2 after cleavage of GST, together with GST-Rab31, we show direct binding of these two proteins. Moreover, APPL2 showed a preference for binding to GTP-loaded Rab31 compared with its GDP-bound form ([Figure 5A](#F5){ref-type="fig"}). To examine the binding of APPL2 to GFP-Rab31 in cells, we performed immunoprecipitations on cell extracts. This confirms that APPL2 does bind to GFP-Rab31 in cells; moreover, if we compare this to GFP-Rab5a, there is a clear (threefold) preference of APPL2 for Rab31 ([Figure 5B](#F5){ref-type="fig"}). Thus we show in macrophages that GTP-Rab31 can bind to APPL2 as an effector.

![APPL2 is a Rab31 effector and is recruited to membrane ruffles and phagosomes in macrophages. (A) Direct binding of purified APPL2 to GST-Rab31. Nucleotide exchange using GTP or GDP was performed on purified GST-Rab31, and cleaved APPL2 was incubated with GTP- or GDP-bound GST-Rab31. GST alone was used as a control, and purified cleaved APPL2 was used as input. Right, quantification of APPL2 binding to GTP/GDP-bound Rab31. Quantification was performed by densitometric analysis of Coomasie blue--stained gels normalized to GST control. (B) Coimmunoprecipitation of ​APPL2 by GFP-​Rab31 and GFP-Rab5a in lysates from transfected RAW 264.7 cells. GFP transfection alone was used as a control. Quantification was performed by densitometric analysis of Western blots normalized to GFP control. (C) Endogenous labeling of APPL2 in BMMs after ingestion of IgG-beads. F-actin-- rich structures were depicted with Alexa 594--phalloidin. (D) RAW 264.7 macrophages transfected with GFP-APPL2 during phagocytosis of IgG-beads, showing recruitment of APPL2 to phagocytic structures depicted by Alexa 594--phalloidin labeling. Mean + SEM. Scale bar, 10 μm.](952fig5){#F5}

Endogenous APPL2 and GFP-APPL2 were examined in primary macrophages and in the RAW 264.7 cell line, and in both cases, APPL2 was immunolabeled in the cytoplasm, on cell surface ruffles, and on early, actin-rich phagosomes ([Figure 5, C and D](#F5){ref-type="fig"}). This is the first evidence that APPL2 is associated with early phagosomes. The location of APPL2 on phagosomes is also consistent with that of Rab31 and offers a likely site for their interaction in cells as the major site of colocation.

Because APPL2 binds preferentially to GTP-Rab31, we coexpressed it with the constitutively active GFP-Rab31Q64L, which also colocalized on phagosomes. However, upon expression of the dominant-negative mutant of Rab31, there was significantly reduced phagosomal labeling of APPL2 ([Figure 6A](#F6){ref-type="fig"}). A quantitative comparison revealed that both the wild-type and GTP-bound forms of Rab31 supported the localization of APPL2 to phagosomes, confirming this as the site for interaction of these proteins and suggesting that active Rab31 is required for APPL2 binding to phagosome membranes ([Figure 6B](#F6){ref-type="fig"}). Membrane recruitment was further examined in live cells, where a time-lapse sequence and image analysis depicted Rab31 recruitment to the phagosome occurring first, followed closely thereafter by APPL2 ([Figure 6C](#F6){ref-type="fig"}). Once on the phagosomes, Rab31 and APPL2 were closely colocalized around the circumference.

![Rab31 recruits APPL2 onto endosomes and phagosomes. (A) Cotransfection of mCherry-APPL2 with GFP control, GFP-Rab31, constitutively active mutant of GFP-Rab31 (GFP-Rab31Q64L), and dominant-negative mutant of GFP-Rab31 (GFP-Rab31S19N) during phagocytosis of IgG beads after 15 min. (B) Quantification of mCherry-APPL2 fluorescence from A. Mean + SEM with *n* = 30 phagosomes from at least five cells. (C) Live-cell imaging of a macrophage cotransfected with GFP-Rab31 and mCherry-APPL2 during phagocytosis of IgG-sRBCs. Representative time slices are chosen to depict the spectrum of enrichment of both proteins at the phagosomes. Quantification of live-cell imaging from cotransfected cells. Mean + SEM, with *n* = 5 live phagocytic events from three cells.](952fig6){#F6}

Taken together, these results demonstrate that GTP-Rab31 and APPL2 bind to each other on early phagosomes during FcγR-mediated uptake. APPL2 is revealed as another new phagosome-associated protein. There appears to be preferential interaction of APPL2 with Rab31 in macrophages, and Rab31 contributes to or enhances recruitment of APPL2 to the phagosomes.

APPL2 and APPL1 define distinct membrane domains in macrophages
---------------------------------------------------------------

APPL2 and APPL1 are closely related isoforms. Rab31 binds to APPL2, but Rab5 binds to both APPL adaptors as Rab5 effectors ([@B38]). This prompted us to further compare both Rabs and both APPLs in macrophages ([Figure 7](#F7){ref-type="fig"}). Membrane-bound GFP-APPL1 was widely distributed on small, punctate endosomes throughout the cells, and it was on surface ruffles and more weakly on early phagosomes ([Figure 7A](#F7){ref-type="fig"}). This contrasts with the predominant and stronger labeling of mCherry-APPL2 on phagosomes and its general absence from endosomes ([Figure 7A](#F7){ref-type="fig"}). Although both APPLs are bound to phagosomes, the merged and thresholded images in [Figure 7A](#F7){ref-type="fig"} show that APPL1 is more punctate on phagosomes than the circumferential APPL2.

![APPL2 is spatiotemporally distinct from APPL1 on phagosomes. (A) GFP-APPL1 and mCherry-APPL2 localization in cotransfected macrophages during phagocytosis of IgG beads. Inset, segregation of GFP-APPL1 and mCherry-APPL2 on phagosomes. (B) Cotransfections of GFP-APPL1 with mCherry-2XFYVE during phagocytosis in macrophages after 15 min to achieve enrichment of PI(3)P on phagosomes. (C) Live-cell imaging of cotransfected cells upon ingestion of IgG-sRBCs; right, fluorescence plot of GFP-APPL1 and mCherry-2XFYVE on the phagosome. (D) Cotransfections of GFP-APPL2 with mCherry-2XFYVE during phagocytosis in macrophages after 15 min to achieve enrichment of PI(3)P on phagosomes. (E) Live-cell imaging of cotransfected cells upon ingestion of IgG-sRBCs; right, fluorescence plot of GFP-APPL2 and mCherry-2XFYVE on the phagosome. Data in C and E are represented as mean + SEM, with *n* = 5 live phagocytic events from three cells. (F) Macrophages coexpressing combinations of mCherry-APPL2/GFP-Rab5a, GFP-APPL1/mCherry-Rab5a, and GFP-APPL1/mCherry-Rab31. Quantification of colocalization. Mean + SEM where *n* = 10 cells. Scale bars, 10 μm.](952fig7){#F7}

Enrichment of PI(3)P on endosomes has been shown to coincide with the displacement of APPL1 ([@B74]), and this was observed on the endosomes and phagosomes in macrophages, when GFP-APPL1 and mCherry-2XFYVE were coexpressed and found largely in inverse patterns of membrane labeling. Phagosomes strongly labeled with mCherry-2XFYVE had only weak APPL1 labeling ([Figure 7B](#F7){ref-type="fig"}). In live cells, APPL1 was found around very early phagosomes, disappearing at 240 s when mCherry-2XFYVE staining was increasing, and again their inverse relationship is shown by the normalized intensity plots ([Figure 7C](#F7){ref-type="fig"}). In contrast, APPL2 colocalized strongly on phagosomes throughout the cell with mCherry-2XFYVE (but notably not on PI(3)P-enriched endosomes; [Figure 7D](#F7){ref-type="fig"}), and in live cells, APPL2 was recruited to phagosomes before mCherry-2XFYVE but then persisted with PI(3)P ([Figure 7E](#F7){ref-type="fig"}). This last result showed that APPL2 closely mirrored the recruitment and persistence of Rab31 on PI(3)P domains during phagocytosis. Based on their staining patterns ([Figure 7A](#F7){ref-type="fig"}) and the fluorescence plots of their recruitment in live cells ([Figure 7, C](#F7){ref-type="fig"} and [E](#F7){ref-type="fig"}), we conclude that APPL1 and APPL2 are spatially and temporally distinct on phagosomes, consistent with their recruitment by different Rabs. APPL2 was not displaced during PI(3)P enrichment and was retained on phagosomes for significantly longer than APPL1. Coimaging and quantification also revealed that APPL1 is aligned more closely with the distribution of Rab5a, whereas APPL2 colocalized with Rab31 ([Figure 7F](#F7){ref-type="fig"}). Thus, in macrophages, there is a spatial distinction between these two sets of Rabs and adaptors. This positions the APPL adaptors to function individually at this location.

Depletion of Rab31 or APPL2 delays cup closure and impairs FcγR-mediated phagocytosis
-------------------------------------------------------------------------------------

Given the recruitment of both Rab31 and APPL2 to early-stage phagosomes, we examined their possible roles in the phagocytic process by depleting cells of these proteins. Specific small interfering RNAs (siRNAs) produced a 60% decrease in Rab31 mRNA levels ([Figure 8A](#F8){ref-type="fig"}), and those targeting APPL2 reduced expression of APPL2 protein below detectable levels ([Figure 8B](#F8){ref-type="fig"}). Macrophages allowed to phagocytose IgG-beads were analyzed using a quantitative image-based assay that measures the proportion of beads attached to the cells (before phagocytosis) and those that have been fully internalized into closed phagosomes (after phagocytosis; [@B72]). Under these conditions, in untreated cells or siRNA controls, ∼50% of the beads are phagocytosed at 10 min. Knockdown of Rab31 or APPL2 significantly decreased the proportion of internalized beads, with a concomitant increase in the beads remaining surface attached in each case ([Figure 8C](#F8){ref-type="fig"} and Supplemental Figure S2). Thus loss of either Rab31 or APPL2 results in less efficient internalization of beads into closed phagosomes, implying that these proteins both have roles in the early phagocytic process.

![Depletion of Rab31 and APPL2 attenuates phagocytosis of IgG-beads. (A) Real-time PCR detection of RAW 264.7 macrophages depleted with siRNAs against Rab31. A nontargeting, scrambled siRNA was used as a control. (B) Western blot detection of APPL2 in macrophages depleted with siRNA against APPL2. Similar nontargeting scrambled siRNA was used as a control. (C) Quantification of phagocytosis in Rab31 and APPL2 siRNA-depleted cells. Results are represented as the percentage change compared with scrambled control and depicted as mean + SEM with *n* = 15 fields of view from three experiments. (D) RAW 264.7 cells were treated with scrambled or APPL2 siRNA for 48 h, and GFP-Akt-PH was transfected into cells 24 h before experiments. Their recruitment to IgG-sRBC phagosomes was measured over time throughout live-cell imaging of phagocytosis. IgG-sRBCs were observed to attach to cells upon 15 s (black arrowhead), as seen by the accumulation of GFP-Akt-PH at the base of the phagocytic cups, and closure of the phagocytic cups is shown (asterisks). The fluorescence intensity plot of GFP-Akt-PH and graph of time taken for phagocytic cup closure are shown below comparing control and Rab31- and APPL2-depleted cells. Mean + SEM with *n* = 5 live phagocytic events from three cells.](952fig8){#F8}

Phagocytic cup closure is linked to phosphoinositide transition, where PI(3,4,5)P~3~ is important for sealing of phagocytic cups ([@B2]). We thus examined phagocytic cup closure in more detail in control and Rab31- and APPL2-depleted cells expressing the PI(3,4,5)P~3~ probe GFP-Akt-PH. Live-cell imaging during attachment and engulfment of IgG-sRBCs revealed the membrane recruitment of the GFP-Akt-PH probe (15 s) after particle contact, upon particle contact (arrowhead, peak), and during phagocytic cup closure (asterisks) in representative time-lapse movies in control cells ([Figure 8D](#F8){ref-type="fig"}). However, depletion of either Rab31 or APPL2 delayed this process. Less GFP-Akt-PH accumulated under the attached particle, delaying the process of engulfment and cup closure by a full 2 min. In addition, GFP-Akt-PH then quickly dissociated (by 420 s) after phagosome closure in Rab31- or APPL2-depleted cells, and this is reflected in the quantification of GFP-Akt-PH fluorescence throughout phagocytosis.

These findings together implicate Rab31-recruited APPL2 as a key mediator of phagocytosis, possibly through the regulation of phosphoinositide transitions at the point of phagocytic cup formation. Because PI(3,4,5)P~3~ is a platform for signaling molecules, we next examined signaling downstream of FcγR activation.

APPL2 enhances Akt and decreases mitogen-activated protein kinase p38 signaling during FcγR activation
------------------------------------------------------------------------------------------------------

PI(3,4,5)P~3~ and PI(3,4)P~2~ are important for the recruitment of PDK-1 and Akt to the inner leaflet of the plasma membrane, where PDK-1 phosphorylates and activates the serine/threonine-specific kinase Akt ([@B12]). We examined the recruitment of full-length Akt to phagosomes in both control and APPL2-depleted cells transiently expressing GFP-Akt. In control cells, the normally cytoplasmic GFP-Akt was enriched at the membrane at the base of surface-attached IgG-sRBCs and around phagocytic cups during their subsequent engulfment before dissipating at later times (beyond 60 s; [Figure 9A](#F9){ref-type="fig"}). In cells depleted of APPL2, there was a marked difference, with a significant reduction in recruitment of GFP-Akt to these membrane domains during attachment or phagocytosis; instead, diffuse labeling of GFP-Akt in the surrounding cytoplasm predominated ([Figure 9A](#F9){ref-type="fig"}). The fluorescence plot shows that control cells have at least a twofold increase (above cytoplasmic levels) of GFP-Akt on the phagosome at a time coinciding with enrichment of PI(3,4,5)P~3~, just after cup closure. In APPL2-depleted cells, the fluorescence of GFP-Akt detected on the phagosome was barely above cytoplasmic levels throughout this time course. The reduced recruitment of Akt is thus in keeping with reduced levels of PI(3,4,5)P~3~ and a reduction in phosphorylated Akt during FcγR signaling.

![APPL2 enhances FcγR-mediated Akt signaling. (A) RAW 264.7 cells were treated with scrambled or APPL2 siRNA for 48 h, and GFP-Akt was transfected into cells 24 h before experiments. Their recruitment to IgG-sRBC phagosomes was measured over time throughout live-cell imaging of phagocytosis. Right, fluorescence intensity plot of GFP-Akt comparing control and APPL2-depleted cells. Mean ± SEM with *n* = 5 live phagocytic events from three cells. (B) Western blot detection of Akt and p38 MAP kinase signaling in a time course of phagocytosis in APPL2-depleted cells. Scrambled or APPL2 siRNA--treated RAW 264.7 macrophages were allowed to phagocytose IgG-sRBCs for 15, 30, and 60 min and then lysed and harvested for Western blotting. APPL2 was almost completely eliminated in APPL2 siRNA--treated cells. p-Akt (Ser-473) and p-p38 MAPK (Thr-180/Tyr-182), Akt, and p38 MAPK were probed for Western detection, and GAPDH was used as a loading control. Right, corresponding quantification of p-Akt and p-p38 MAPK levels shown as APPL2-depleted cells relative to scrambled control cells. Mean ± SEM with *n* = 3. (C, D) RAW264.7 macrophages overexpressing GFP-APPL2 and GFP-APPL1 were exposed to a similar time course of phagocytosis (0, 15, 30, and 60 min), and lysates were probed for GFP, p-Akt, p-p38 MAPK, Akt, p38 MAPK, and GAPDH.](952fig9){#F9}

FcγR activation leads to phosphorylation of major signaling kinases, including the serine/threonine-specific protein kinase Akt and p38 mitogen-activated protein kinase (p38 MAPK). To see whether APPL2 directly affects FcγR-mediated signaling, we examined the phosphorylation of this kinase in control and APPL2-knockdown cells. In cells depleted of APPL2, there was a 50% reduction in the phosphorylation of Akt (p-Akt) and a simultaneous increase in the phosphorylation of p38 (p-p38) by twofold at 30 and 60 min after FcγR stimulation ([Figure 9B](#F9){ref-type="fig"}). As an additional approach, we measured signaling in cells overexpressing APPL2 ([Figure 9C](#F9){ref-type="fig"}). This shows the opposite trend, with an increase in p-Akt and decreased p-p38 in overexpressing cells, nicely confirming the previous result. We thus conclude that APPL2 increases Akt and decreases p38 signaling from activated FcγR. Of interest, a previous study showed that knockdown of APPL1 in macrophages produced the opposite effect, increasing Akt and decreasing p38 signaling during phagocytosis ([@B3]). For comparison, in [Figure 9D](#F9){ref-type="fig"}, we overexpressed APPL1 and found a resulting decrease in p-Akt and increase in p-p38, confirming the knockdown signaling phenotype of APPL1 reported by [@B3].

Taken together, the results show that APPL2 modulates FcγR signaling and does so in an opposing manner to APPL1.

DISCUSSION
==========

Rab GTPases regulate a multitude of cell functions by temporally recruiting specific effector molecules to membrane domains. The signaling adaptors APPL1 and APPL2 are known effectors of the Rab5 subfamily on a subset of signaling endosomes derived from the cell surface ([@B38]; [@B66]; [@B28]). These adaptors typically function as scaffolds for receptors and signaling molecules, and the Rab-APPL complexes therefore directly drive signaling for cell growth, survival, and apoptosis in response to various growth stimuli ([@B38]; [@B51]; [@B70], [@B69]; [@B46]). Here we show recruitment of APPL1 and APPL2 by Rab5a and Rab31, respectively, to distinct membrane subdomains during phagocytosis. Moreover, we find that in macrophages, Rab31 and APPL2 are largely confined to phagosomal membranes, where they have demonstrable roles in phagosome closure and FcγR signaling.

Rabs, among other cytoskeletal and membrane components, are recruited temporally throughout the process of phagocytosis. Our results establish a new predominant location for Rab31 in macrophages on early phagosomes, in contrast to its association with post-Golgi trafficking pathways reported in other cell types ([@B49]; [@B32]). Rab31 is recruited directly from the cytoplasm to a tightly defined membrane domain created by the initiation of phagocytosis, which was evident at both light microscopic and ultrastructural levels. Distinct phosphoinositide species are sequentially enriched during phagocytosis for phagosome formation and maturation, and this has been elegantly portrayed using a variety of phosphoinositide probes ([@B21]). Using a similar approach, we were able to pinpoint the initial recruitment of Rab31 to newly forming phagocytic cups at a stage in between PI(4,5)P~2~ and PI(3)P, and its persistence after conversion to PI(3)P, during maturation of phagosomes. The initial recruitment of Rab31 coincided with enrichment of the Akt-PH probe, denoting the production of the signaling phosphoinositide PI(3,4,5)P~3~. These membrane domains associated with early-stage phagocytosis share dual roles in particle engulfment and receptor signaling ([@B17]; [@B25]). The location and timing of Rab31 recruitment are therefore suggestive of potential modulatory roles in phosphoinositide-dependent functions during phagocytic cup closure and FcγR clustering and signaling. and the identity of appropriate effectors is then critical.

In this study, an unbiased screen revealed and confirmed the signaling adaptor APPL2 as a major effector binding to Rab31-GTP in macrophages. This concurred with the binding of APPL2 to Rab31 found previously by yeast two-hybrid screening ([@B28]). Both studies also show that APPL2 has a preference for binding to Rab31 over Rab5a. The present data indicate higher binding preference of APPL2 to GFP-Rab31 compared with Rab5a, and our localization studies show that APPL2 colocalizes with Rab31 more abundantly than with Rab5a. APPL functions have generally been attributed to Rab5 ([@B38]; [@B73]; [@B3]; [@B28]), but closer examination of distinct functions for Rab31 and APPL2 within these cell systems may now be warranted based on our findings. Several lines of evidence in the present study show that Rab31 and APPL2 are colocalized as a functional pair on phagosomes, whereas Rab5 and APPL1 are colocalized with each other on distinct subdomains within phagosomes and elsewhere in the cells. APPLs, most particularly APPL1, typically localize to signaling endosomes, which are characterized as precursors to early endosomes ([@B38]; [@B74]). Endosomal acquisition of PI(3)P and transition from signaling to early endosomes normally induces dissociation of APPL1, corresponding to the termination of receptor signaling ([@B74]). However, during phagocytosis, we show that recruitment of APPL2, but not APPL1, to phagosomes was unaffected by phagosomal acquisition of PI(3)P, suggesting yet another disparity between the two APPL proteins in this context. Thus APPL2 is distinguished from APPL1 in macrophages by having Rab31 as a direct, preferential binding partner and by its distinct temporal recruitment to membrane sub­domains during phagocytosis.

APPL2 and Rab31 depletion demonstrated a functional requirement for both proteins for efficient phagocytic uptake of IgG-coated particles. Depleting APPL2 arrested phagocytic cups at a semiformed stage before closure. Furthermore, analysis of phosphoinositides in live cells showed delayed production of PI(3,4,5)P~3~, as indicated by labeling with the Akt probe in Rab31- and APPL2-depleted macrophages. Abortive phagocytosis as a result of reduced PI(3,4,5)P~3~ at the phagocytic cups correlates with the effects of the phosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin, which blocks phagocytosis at the cup closure stage ([@B11]). By creating a similar phenotype, the results of depleting APPL2 suggest a potential role for this adaptor in regulating or recruiting a PI3K for cup closure. Multiple class 1A PI3K isoforms ([@B30]; [@B29]; [@B62]) have been associated with phagosomes. We also recently showed that Rab8a recruits a class 1B PI3K to the ruffles that would normally precede phagosomes ([@B35]) in activated macrophages. Of interest, APPL1 depletion reportedly does not affect phagocytic cup closure ([@B3]). This is in spite of finding that APPL1 can interact with the p110α and β subunits of class 1A PI3K in other circumstances ([@B39]; [@B63]; [@B69]).

The early phagocytic cup is also a signaling center mediating multiparametric downstream signaling cascades ([@B61]), many of which depend on PI(3,4,5)P~3~, for instance, for recruiting signaling kinases such as Akt. Therefore our studies also examined FcγR-mediated signaling after depletion of APPL2. Consistent with a decreased level of PI(3,4,5)P~3~, APPL2 depletion resulted in decreased phosphorylation of Akt. Conversely, over­expressing APPL2 increased Akt phosphorylation, indicating that APPL2 normally serves to enhance signaling via the PI3K/Akt pathway. Another notable effect of APPL2 depletion and overexpression was on p38 phosphorylation in the MAPK pathway. These results together strongly suggest that APPL2 normally serves to reduce p38 MAPK signaling and to mediate signaling characteristic of an Akt-mediated prosurvival response in activated macrophages. Our findings point to APPL2 regulation of macrophage survival in immune responses, in line with the literature showing that the Akt and p38 MAPK signaling pathways are differentially regulated during cell survival and apoptosis in response to various stimuli ([@B20]; [@B31]; [@B47]).

Remarkably, APPL1 appears to have the opposite effect to APPL2 in FcγR-mediated signaling. APPL1 depletion ([@B3]) or its overexpression (in the present study) indicate that APPL1 functions to reduce Akt signaling and increase p38 MAPK signaling. Rab5a is required for the recruitment of APPL1 to early phagosomes ([@B3]), and our present biochemical and localization results are consistent with independent localization and functions for Rab5a/APPL1 versus Rab31/APPL2. Rab5a/APPL1 has been suggested to function in reducing Akt signaling from FcγR by recruiting the inositol 5-phosphatase OCRL ([@B3]). Indeed, the inositol 5-phosphatases OCRL and INPP5B are known binding partners of APPL1 but not of APPL2 ([@B16]). Rab5, APPL1, OCRL, and INPP5B can limit PI(4,5)P~2~ on phagosome membranes and therefore limit the production of PI(3,4,5)P~3~, for Akt signaling ([@B33]; [@B3]; [@B37]). In contrast, our data show that APPL2 enhances the presence of PI(3,4,5)P~3~ and enhances Akt signaling. The most obvious, but not only possible, mechanism would be for APPL2 to recruit a PI3K. As noted, this PI3K would function for cup closure and signaling. At least two PI3K isoforms, PI3Kδ and PI3Kγ, are known to be involved in signaling from TLRs during pathogen detection, but their involvement in FcγR signaling has not been addressed ([@B1]; [@B35]). It is not known whether these or any other PI3K subunits are recruited or regulated by APPL2, and this remains to be elucidated in future studies.

Our results also reveal a new example of APPLs 1 and 2 working in disparate roles. The fact that APPL proteins can form homodimers and heterodimers perpetuated the view that they likely have redundant functions ([@B7], [@B6]; [@B66]). However, other studies also showed that APPL1 and 2 can function independently ([@B70]; [@B46]). Knockdown of APPL2 in APPL1^−/−^ murine fibroblasts showed that both APPLs differentially regulated epidermal growth factor and hepatocyte growth factor signaling pathways ([@B6]; [@B64]). Another report showed that both APPL proteins have opposing effects in adiponectin- and insulin-mediated signaling, where APPL2 competitively inhibits APPL1 binding to the receptors and down-regulates signaling ([@B70]). Our results showing distinct locations and functions for APPL1 and APPL2 in macrophages further entrenches the concept that these adaptors have separate, modulatory roles. These Rab/adaptor complexes are introduced as mediators with potentially crucial roles in biasing receptor signaling to determine the outcome of immune activation in innate immunity. Their roles highlight the early phagosome as a parallel receptor signaling platform that is reminiscent of, but distinct from, the Rab-APPL signaling endosomes involved in other stimulus-coupled pathways and other cell types ([@B38]; [@B42]; [@B48]; [@B70], [@B69]; [@B74]; [@B3]).

In conclusion, we present Rab31 and its effector APPL2 as new players in the regulation of FcγR-mediated phagosome formation and PI3K/Akt prosurvival signaling in macrophages. In this setting, Rab31 and APPL2 are poised to act as components of a Rab cascade that drives phagocytosis and signaling.

MATERIALS AND METHODS
=====================

Antibodies and reagents
-----------------------

Rab31 antibody was purchased from Abnova and APPL2 antibody from Abcam. Phospho-Akt (Ser-473), phosphoxp38 MAPK (Thr-180/Tyr-182), and Rab5 antibodies used in this study were purchased from Cell Signaling Technology (Beverly, MA). GST antibody was purchased from Invitrogen (Mulgrave, VIC, Australia). Anti--glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purchased from Trevigen (Gaithersburg, MD). LAMP1 antibody was purchased from BD Biosciences (San Jose, CA). Alexa Fluor 488--, 594--, and 647--conjugated secondary antibodies were purchased from Molecular Probes/Invitrogen (Eugene, OR). Horseradish peroxidase--conjugated goat anti-mouse and anti-rabbit antibodies were obtained from Zymed (San Francisco, CA). Bacterial lipopolysaccharide (LPS), purified from *Salmonella enterica* serotype Minnesota Re 595, was purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). For phagocytosis, human IgG (Invitrogen) was conjugated to 3-μm latex beads (Sigma-Aldrich) and sheep red blood cells (Australian Ethical Biologicals, Coburg, Australia) was conjugated with rabbit anti-sheep IgG (Sigma-Aldrich). All other chemicals and reagents were from Sigma-Aldrich.

Constructs
----------

Mouse GFP-tagged Rab5a and Rab31 constructs were kindly provided by Mitsunori Fukuda (Tohoku University, Sendai, Japan) and were subcloned into the pmCherry-C1 vector (Clontech, Mountain View, CA). The mouse APPL1 and APPL2 cDNAs were obtained from the Facility for Life Science Automation (LISA) at the Institute for Molecular Bioscience (IMB). APPL2 and APPL1 were cloned into pEGFP-C1 and pm-Cherry-C1 vectors (Clontech). Rab31 and APPL2 were also subcloned into pGEX-6P-1 and expressed in *Escherichia coli* as previously described ([@B9]). Phosphoinositide probes (GFP-PLCδ1-PH, GFP-Akt-PH, and mCherry-2XFYVE) were kindly provided by Frederic Meunier (University of Queensland, Brisbane, Australia). GFP-PLCδ1-PH and GFP-Akt-PH were subcloned into pmCherry-C1 vectors. GFP-Akt was kindly provided by Julian Downward (Addgene plasmid 39531; [@B71]).

siRNA knockdown and cell culture
--------------------------------

BMMs were obtained by ex vivo differentiation of bone marrow cells collected from mouse femurs or tibias. Cells were differentiated for 7 d in complete RPMI 1640 medium (Lonza, Mount Waverly, VIC, Australia) supplemented with 20 U/ml penicillin, 20 μg/ml streptomycin, and 100 ng/ml purified recombinant macrophage colony-stimulating factor-1 ([@B24]; [@B65]). The mouse RAW 264.7 macrophage cell line was cultured in RPMI medium supplemented with 10% heat-inactivated fetal calf serum (Thermo Trace) and 2 mM [l]{.smallcaps}-glutamine (Invitrogen) in humidified 5% CO~2~ at 37°C as previously described ([@B56]). For transient expression of cDNA, cells at 50% confluency were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions. Cells were typically used for experiments 18 h after transfection. Rab31 (MSS272451, MSS272452, MSS272453) and APPL2 (MSS211085, MSS211087, MSS278056) were silenced using a Stealth siRNAs Primer Set from Life Technologies. Nontargeting siRNA was used as a control. Lipofectamine RNAiMAX was used to transfect RAW 264.7 cells with siRNA according to the manufacturer\'s instructions (Life Technologies).

Phagocytic assay
----------------

Human IgG--conjugated 3-μm latex beads were prepared according to the manufacturer\'s protocol (Sigma-Aldrich), centrifuged onto cells at 4°C, and incubated at 37°C to synchronize phagocytosis. Phagocytosis was stopped by adding 4% paraformaldehyde before external beads were immunolabeled with goat anti--human IgG-Cy3. The assay was carried out as previously described ([@B72]).

Immunofluorescence, fluorescence microscopy, and live-cell imaging
------------------------------------------------------------------

Immunofluorescence staining was performed as previously described ([@B44]). Cells were permeabilized using 0.1% Triton X-100 for 5 min, then incubated with primary and secondary antibodies. Coverslips were mounted in ProLong Gold reagent (Life Technologies) before imaging. For live-cell and fixed-cell imaging experiments, RAW 264.7 macrophages were cultured on glass-bottom, 35-mm dishes (MatTek) and in 24-well culture dishes (Thermo Scientific) with coverslips, respectively. Epifluorescence still images were taken with a 12-Mp differential contrast Roper CoolSNAP HQ2 monochrome camera (DP71; Olympus) using a Personal Deltavision Olympus IX71 inverted wide-field deconvolution microscope fitted for a 60×/numerical aperture (NA) 1.35 oil objective using the associated DPController software (version 2.1; Olympus). Imaging Z-stacks of fixed cells was set at 0.2 μm while imaging of live cells was set at 0.3 μm Z-stack and a 15 s time-lapse interval for 20 min.

Cryo--electron microscopy
-------------------------

For cryo--electron microscopy, phagocytosis in RAW 264.7 macrophages was carried out for 15 min. Cells were fixed in paraformaldehyde and embedded in warm gelatin. Thin sections were cut using a Reichert FCS cryomicrotome at −120°C and immunolabeled by placing the sections on sequential drops of glycine, bovine serum albumin, primary antibody (GFP), and then protein A--gold (5 nm)--conjugated secondary antibody. Sections were viewed on a JEOL 1011 transmission electron microscope at 80 kV, and images were captured using iTEM image software.

Preparation of GTP-bound forms of the Rab31
-------------------------------------------

Nucleotide exchange of GST-Rab31 was performed as described earlier ([@B58]).

Preparation of cell lysates, SDS--PAGE, Western blotting, and real-time quantitative PCR
----------------------------------------------------------------------------------------

Immunoblotting was performed as described previously ([@B41]). Briefly, cells were lysed in lysis buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, 100 mM NaCl, 1% Igepal \[Nonidet-P40; Sigma-Aldrich\], 1 mM phenylmethylsulfonyl fluoride \[PMSF\], 1 mM dithiothreitol \[DTT\], and complete protease inhibitors \[Roche Applied Science\]). For Western blotting analysis of p-Akt (Ser-473), p-p38 MAPK (Thr-180/Tyr-182), GAPDH, GFP, Akt, p38 MAPK APPL2, and Rab31, cell lysates were loaded onto 10% SDS--PAGE gels and then transferred onto polyvinylidene fluoride membranes (Immobilon-FL; Millipore) according to the manufacturer\'s instructions.

Total RNA was prepared using RNeasy mini-kits (Qiagen, Valencia, CA) and then reverse transcribed to cDNA using 1 μg of total RNA, Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA), and an oligo-dT primer. Gene expression was quantified by real-time PCR using SYBR Green PCR master mix (Applied Biosystems) according to previous studies ([@B52]), using an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA). Real-time primers used for mouse Rab31 were CGGGAGCTCAAAGTGTGTCT (left) and CCAATAGTGGGGCTGATGTT (right) and for hypoxanthine-guanine phosphoribosyltransferase (HPRT) were GGAGCGGTAGCACCTCCT (left) and CATAACCTGGTTCATCATCGC (right). cDNA levels during the linear phase of amplification were normalized against the HPRT gene.

Pull-down and immunoprecipitation experiments
---------------------------------------------

For mass spectrometry analysis, total RAW 264.7 macrophage extracts were lysed in ice-cold lysis buffer. The lysate was centrifuged at 75,600 × *g* for 15 min at 4°C. The supernatant was precleared by the addition of GSH-Sepharose beads for 1 h and pelleted at 50 × *g* for 5 min at 4°C, and the supernatant was collected. Various GST-tagged recombinant proteins were then incubated with an equal amount of tissue lysate at 4°C for 1 h. Beads were washed extensively with ice-cold 20 mM Tris, pH 7.4, containing 150 mM NaCl, 1 mM DTT, and 1 mM PMSF, eluted in 2× SDS--PAGE sample buffer, resolved on 7.5--15% gradient SDS gels, and stained with colloidal Coomassie blue. Identification of proteins was by liquid chromatography--tandem mass spectrometry in the IMB\'s Mass Spectrometry Facility, University of Queensland. For GFP-nanotrap, experiments were carried out as described previously ([@B35]). Briefly, macrophage lysates containing GFP, GFP-Rab31, and GFP-Rab5a, respectively, were incubated with GFP-nanotrap beads and washed with lysis buffer. Complexes were eluted with 2× sample buffer, and protein samples were analyzed on 10% SDS--PAGE gels.

Image analysis software
-----------------------

Imaging analysis of all other data were performed using ImageJ software (version 1.43; National Institutes of Health, Bethesda, MD) and Photoshop CS6 (Adobe).

Statistical analysis
--------------------

Statistics were calculated using Prism, version 7.0 (GraphPad Software, San Diego, CA). For all experiments in this study, Student\'s *t* tests (Shapiro--Wilk test) were used unless stated otherwise. One-way analysis of variance was used for posttest analysis of multiple comparisons by Dunnett\'s method, \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001.
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APPL

:   adaptor protein, phosphotyrosine interaction, PH domain, and leucine zipper--containing

BMM

:   bone marrow--derived macrophage

FcγR

:   Fcγ receptor

IgG

:   immunoglobulin G

sRBC

:   sheep red blood cell.
